Fluorides despite been the most widely studied host matrices for many upconversion nanoparticles are usually hygroscopic and are of limited use. Hence, explorations of new upconversion host materials that will be more efficient in practical application are still active areas of research. In this study, applicability of Ga2O3 as a host matrix for upconversion luminescence was investigated under near infrared (980 nm) excitation. XRD and FT-IR analysis indicate that changes in the calcination temperature and dopant ion concentration lead to crystal phase transformation of nanoparticles from β-Ga2O3 to cubic Yb3Ga5O12 garnet. Resulting changes in crystal field and sites symmetries alter the behaviour of upconversion. Accordingly, tunable green, red and infrared luminescences were observed.
INTRODUCTION
Recently, upconversion nanoparticles (UCNPs) with high upconversion luminescence (UCL) efficiencies have widely been investigated because of their potential applications in upconversion lasers, molecular detection, biological labelling, therapeutics, and volumetric three-dimensional displays, [1] [2] . UCNPs typically comprise of the lanthanides (Ln 3+ ) doped on a hosting material. Ln 3+ ions are active centres that provide required energy levels for multiple photon additions to occur [3] . Among Ln 3+ ions, erbium (Er 3+ ) ion has widely been investigated [4] [5] . However, its practical application is limited due to its low absorption cross section around the 980nm [1] . The luminescence properties of Er 3+ ion can be improved around 980nm when codoped with another Ln 3+ ion such as Ytterbium (Yb 3+ ) ion (used as sensitizer) that has large absorption cross-section around 980nm and can transfer the absorption energy to a neighbouring Er 3+ ion [6] [7] . Er-Yb codoped UCNPs have received considerable research attention [1] [2] [8] [9] . UCL efficiencies of the Er-Yb codoped UCNPs depend on several factors such as concentration of Er 3+ and Yb 3+ dopants, homogeneous distributions of Er 3+ and Yb 3+ ions, sintering temperature, hosting material, etc. The effects of the concentrations of Er 3+ and Yb 3+ ions in some hosting materials such as CaF2 [1] , LiTaO3 [8] and Gd2O3 [10] on the upconversion emission have been investigated. Green, red (upconversion) and near infrared emission intensities were found to increase with increasing Yb concentration in Yb-Er codoped CaF2 material [1] . Also, enhanced green and red upconversion emissions were reported when concentrations of Er 3+ ions were increased in Er doped LiTaO3 [8] . In general, emission intensities have been found to increase with the increase in concentrations of the Yb and Er ions in the codoped system up to an appropriate dopant concentration [1, 8, 10] . However, higher concentration can induce cross relaxations between dopants which subsequently reduce the efficiency of the UCL [11] . Apart from the dopant concentration, the calcination temperature is another influencing factor on the UCL efficiency. Increasing the calcination temperature can result to improved crystallinity and larger grain size which reduces surface defects that can result to lower non-radioactive loss. Hence, the UCL efficiency is improved by increasing calcination temperature.
The hosting material is another important factor that affect the UCL efficiency. An ideal hosting material should have low lattice phonon energy so as to minimize non-radiative loss and maximize the radiative emission. Although, halides such as chlorides, bromides and iodides could be suitable hosting material due to their low phonon energies of less than 300 cm -1 , they are usually hygroscopic and are of limited use [12] . Similarly, oxides generally show higher chemical stabilities compared to halides with relatively high phonon energies (~500 cm -1 ). Many oxides have been investigated as hosting materials such as Gd2O3 [10] , LiTaO3 [8] and ZnO [13] . Since only few high efficiency UCNPs hosting materials have been found to be suitable for practical applications, current researches still concentrate largely on seeking new hosting materials. Gallium oxides (Ga2O3) despite been used as hosting materials in many phosphorous applications due to their optical properties, very few researchers have investigated them as hosting materials in upconversion process [14] [15] [16] . It has been established that Ga2O3 can be a promising hosting material for upconversion and photodynamic therapy. The crystal structure of Ga2O3 can be classified in five different polymorphs: alpha (α); beta (β); gamma (γ); delta (δ) and sigma (ε) [17, 18] . The β phase is more suitable for upconversion because of the wide band gap [18] . In this research, β-Ga2O3 is employed as a novel hosting material due to its advantages stated above. The aim of the research is to investigate the effect of changing concentrations of Ln 3+ ions and calcination temperature on the co-doped Yb-Er-Ga2O3 powders. Crystalline phases, morphologies, elemental compositions and photoluminescence emissions of the samples were analysed and the results were discussed in the subsequent section.
MATERIALS AND METHODS

Chemicals
GaCl3 (ultra dry 99,999% Abcr), YbCl3 (Ytterbium(III) chloride anhydrous, beads, -10 mesh, 99.99%, Sigma Aldrich), ErCl3 (Erbium(III) chloride anhydrous, beads, -10 mesh, 99.99%, Sigma Aldrich), sodium hydroxide (reagent grade, ≥ 98 %, pellets anhydrous Sigma Aldrich), PEG-6.000 (poly(ethylene glycol), Mw = 6,000, Merck), were used without further purification.
Procedure
Yb
3+ and Er 3+ codoped Ga2O3 nanocrystals were prepared by a precipitation method in the presence of surfactant (PEG-6000). In a typical synthesis, 1 mmol (%79,5 GaCl3, %20 YbCl3, %0,5 ErCl3) and 5 mmol PEG-6000 were dissolved in 57 mL deionized water to form a clear solution under magnetic stirring. 2M sodium hydroxide (NaOH) was added quickly into this solution and pH of the solution reached to 7 at room temperature. Resulting fluffy (Ga:Yb:Er)OOH precipitates were collected with centrifugation at 15000 rpm and dried at room temperature for 24 h. The as-prepared precipitates were calcined under various temperatures at 750 °C and 1150 °C for an hour in air atmosphere.
Instrumentations
The crystalline phases of the samples were determined by powder X-Ray Diffraction method using a Bruker D8 Advance X-ray diffractometer with CuKα radiation. A scan rate of 2Ɵ º /min was set over the range of 10 -70 o . The morphological characterization of the samples was monitored using scanning electron microscopy (Zeiss LS-10 GmbH, Germany) equipped with EDX (Bruker 123 eV). Fourier transform infrared (FT-IR) spectra were recorded on a Tensor 27 spectrometer (Bruker Optics, Wissembourg, France). It was equipped with a horizontal attenuated total reflectance (ATR) accessory composed of a ZnSe. The emission spectra were measured using a CNI MDL-H-975 Model diode laser operating at 975 nm with an output power of 5W as excitation source with a Princeton Instruments SP2500i model monochromator. The luminescence spectra of prepared samples in the infrared and visible regions were measured by Acton series ID441-C Model InGaAs and SI 440 detectors. All measurements were carried out at room temperature.
RESULTS AND DISCUSSIONS
Morphology and Crystallinity
Sizes and morphologies of Ga2O3:Yb,Er nanoparticles were observed by SEM microscopy and, elemental analysis was conducted with Energy Dispersive X-ray Spectroscopy (EDX) as shown in Fig.  1 . The-prepared nanoparticles show nearly spherical morphology and their sizes are uniformly distributed with an average diameter of ~10 nm. After being calcined at 750 °C, Ga2O3:Yb,Er nanoparticles preserve their particle sizes and morphologies (Figure 1 As the calcination temperature is raised to 1150 °C, nanoparticles agglomerate slightly and the average particle size is raised to ~20 nm ( Fig. 1(c) ). Experimental parameters such as dopant ion concentration and calcination temperature are listed in Table I and samples are labelled accordingly. The elemental composition of Yb20-1150 sample was analysed by the EDX spectroscopy and the result showed that the intended composition was not obtained. (Fig. 1(d) ). This could be due to miscalibration of the chemical solution concentration. Crystalline structures and phase purities of Ga2O3:Yb,Er samples prepared through the hydrolysis with NaOH in the presence of PEG-6000 were examined by XRD. Fig. 2 . shows the XRD patterns of the Ga2O3:Yb,Er samples. Yb10-1150 sample exhibits combination of peaks that correspond to either the β-Ga2O3 or the cubic Yb3Ga5O12 garnet patterns. There is also an unknown peak at 2ϴ=21,40⁰ shown by question mark. As Yb ion concentration is increased to 10%, number of peaks belonged to Yb3Ga5O12 garnet phase is increased. The peaks pattern of the Yb20-1150 sample, which corresponds to the cubic Yb3Ga5O12 garnet, affirmed to the assertion that a phase transfer has occurred when the Yb concentration is raised from 1% (β-Ga2O3 phase) to 20% (cubic Yb3Ga5O12 garnet phase).
To confirm crystalline sizes of our samples obtained from SEM images of Fig. 1 , an estimate of the sizes was computed from the XRD data using equation (1) in Wejrzanowski et al [19] and [20] . After most peaks in the XRD spectrum were approximately fitted, estimated average particle sizes for the Yb20-750 and Yb20 -1150 samples were found to be around 10 and 20 nm respectively.
FT-IR Analysis
The FT-IR spectrum of the Yb20-750, Yb1-1150, Yb10-1150 and Yb20-1150 samples is shown in Fig. 3 . It can be observed that for all the samples, no clear peak exists between ~1540 and 4000 cm -1 . This indicates successful removal of PEG-6000 from surfaces of the samples during the calcination procedure. Small peaks between ~1378 and ~1540 cm -1 could not be identified. If we assume that the peaks in this range belonged to the organic group, these peaks could have disappeared by increasing temperature to 1150 ˚C. For the Yb20-750 sample, bands at 935 cm -1 and 626 cm -1 were observed which can be attributed to the bending mode of Ga-OH and stretching modes of Ga-O bonds, respectively. As stated in the previous section, Yb1-1150 sample exhibits β-Ga2O3 phase. The β-Ga2O3 lattice has C2/m symmetry as Ga atoms in the lattice are exhibiting tetrahedral (GaO4) and octahedral (GaO6) coordination [21, 22] . , and 480 cm -1 are attributed to stretching modes of GaO4 in the garnet structure. It can be observed that, unlike in the Yb1-1150 sample, the peak at 860 cm -1 in the Yb10-1150 sample is reduced. This is due to higher Yb 3+ concentration in the Yb10-1150 sample that results in structural disorder of the tetrahedra which induced the replacement of Yb 3+ ion in the dodecahedral sites. This peak is reduced as the Yb 3+ concentration increases. As it has been proposed by Mc Devitt, that the crystal volume effects only the Yb-O in series garnet structures. And, since both the tetrahedra and the octahedra share edges with the dodecahedra, increasing the crystal volume will result as the distortion of the tetrahedral through the expansion of the dodecahedra. For the Yb20-1150 sample, observed peaks at 659 cm -1 , 634 cm -1 , 595 cm -1 , and 480 cm -1 are attributed to the stretching mode of the GaO4 in the garnet structure. This agrees with the XRD data that indicates the presence of cubic Yb3Ga5O12 garnet structure. Observed peaks at 480, 595, 634 cm -1 in both the Yb10-1150 and Yb20-1150 spectrum match with the stretching mode of Yb-O bond with cubic Yb3Ga5O12 garnet reported by McDevitt et al. [23, 24] .
Upconversion Luminescence
Photoluminescence study of all samples was performed based on the variation of their calcination temperature and dopant concentration. Figure 4 shows the room temperature visible emission spectra of Yb20-750 and Yb20-1150 samples. Red emission with low intensity was observed at lower synthesis temperature (Yb20-750 sample), while enhanced intensities of both red and green emissions were observed at higher synthesis temperature (Yb20-1150 sample). This behaviour can be explained using the XRD analysis discussed in the previous section. From the figure 2, the Yb20-750 sample indicates both amorphous (noncrystalline) β-Ga2O3 and Yb3Ga5O12 garnet phases are present due to the inadequacy of the calcination temperature. While Yb20-1150 sample indicated pure crystalline Yb3Ga5O12 garnet phase. The increased crystallinity will inevitably leads to the enhanced emission. It can be deduced from Figure 5 (a) that cross-relaxations and the nonradiative decay of 4 I11/2→ 4 I13/2 are relatively efficient in these samples based on the observed red emission. It is believed that the efficiency of the cross-relaxation mechanism is expected to raise with increasing Er 3+ concentration since the average distance between dopant ions are decreased. Also, the increasing Er 3+ ion concentration can be resulted in higher probability of the nonradiative decay of 4 I11/2→ 4 I13/2. This is because; larger surface areas of smaller nanoparticles may contain a higher number of Er 3+ ions. When Er 3+ ions are coupled to OH -1 ions (with high vibration energy of 3600 cm -1 ) on the surface, ions can be relaxed to 4 I13/2 level non-radiatively by bridging the gap between 4 I11/2→ 4 I13/2 [27] . However, our FTIR spectrum (Figure 3) shows that, there are no significant OH -1 ions existing on the surface of nanoparticles. Also, the samples emission spectra show that only red and infrared emissions were obtained for all concentrations as emission intensities are decreased by increasing Er 3+ concentration. This can be attributed to the raise in crystal defects as the lanthanide concentration increases. If the Er 3+ is incorporating into the crystal, and therefore the Er 3+ ion size (0,0881nm) is relatively larger than the Ga 3+ (0,062nm), lattice distortion occurs. This inevitably makes samples to have quenching centres (traps). When an excited luminescent centre is in the vicinity of any of these traps, the excited energy can be transferred easily to the trap non-radiatively. As concentrations of Er 3+ ions increase, the lattice distortion increases and the quenching also increases which ultimately result as weaker upconversion luminescence. In addition, the increase of the full width at the half maximum (FWHM) of the infrared emission band ( 4 I11/2→ 4 I15/2) can also be indicative of the increasing lattice distortion as the Er 3+ concentration increases ( Figure 5(b) ). This is because; the increased FWHM indicates presences of Er 3+ ions located at diverse sites [28, 29] . Figure 7 shows the room temperature visible and infrared emission spectra of Yb1-1150, Yb10-1150 and Yb20-1150 samples. 4 I15/2 transition. For the Yb1-1150 sample, green, red and infrared luminescences were observed. When the concentration of the Yb 3+ ion is increased in case of the Yb10-1150 sample, overall luminescence intensities decrease and the green emission disappeared. The disappearance of the green emission could be due to the presence of a secondary phase highlighted in the XRD and FT-IR analysis of the same sample in the previous section. It has been suggested that reduced intensities could be due to aggregations of donor Yb 3+ ions which may act as trapping centers at higher Yb 3+ concentrations thereby dissipating energy non radiatively [16] . However, when the concentration of Yb 3+ ion is further increased as in the case of Yb20-1150 sample, visible luminescence intensities (green and red emissions) are enhanced and infrared emission disappeared. Hence, reduced intensities (Yb10-1150 sample) and increased intensities (Yb20-1150 sample) of green and red emission can best be explained with the effect of the host matrix on the upconversion luminescence efficiency. It has been established that luminescence efficiencies of Er 3+ doped materials are greatly influenced by the energy migration and the crystal field symmetry of Er 3+ in the host matrix [29] . And also, relative intensities of same emissions change when the site symmetry changes. For the Yb10-1150 sample, existence of multiple phases imply that the host matrix contains the combination of multiple sites symmetries (octahedral-β-Ga2O3 and dodecahedral-Yb3Ga5O12 garnet sites). This causes the differentiation of the admixture of even and odd parity states, which changes the electric dipole component of the transitions, thereby amounting to reduced emissions [17] . For the Yb20-1150 sample, since only Yb3Ga5O12 garnet phase exists, increased emissions and the disappearance of the infrared emission can be attributed to the pure garnet phase which is more suitable for efficient upconversion process. It was reported that in the garnet structure, the dodecahedral is the active emitting site while in β-Ga2O3, octahedral is the active site. Also, the dodecahedral shows stronger green emission and the octahedral site shows stronger infrared emission [30] . Hence, the increased green emission in the Yb20-1150 sample is due to dodecahedral site symmetry. Similarly, the reduction of the infrared emission intensity from Yb1-1150 to Yb20-1150 implies the gradual transformation from β-Ga2O3 to the Yb3Ga5O12 garnet phase. In addition, due to the new phase, the distance between ions (and possibly phonon energies) would be different which will ultimately affect the upconversion spectrum. Figure 4 and Figure 7 . Usually, changing the dopant concentration results as intensity variations of visible emissions that will be reflected as a gradual shift in the chromoticity coordinates. However, our results indicate that tunable emission color can be observed by changing dopant concentration and calcination temperature. This implies that, crystal field and symmetries of sites in Ga2O3 host are very sensitive to doping and heat treatment due to its unique crystal structure.
CIE Colour Coordinates Analysis
CONCLUSION
In this research, upconversion luminescence properties of Yb and Er codoped β-Ga2O3 have been investigated both in the visible and infrared range under 980 nm excitation. Results of the effect of changing the dopant concentration and the calcination temperature on upconversion luminescence properties have been demonstrated. It was observed that higher Er concentration resulted in lower red and infrared emissions. Also, higher calcination temperature led to enhanced crystallinity and visible luminescence intensities. Furthermore, crystal phase transformation from monoclinic β-Ga2O3 to cubic Yb3Ga5O12 garnet phase was found to be sensitive to the change in the Yb ion concentration. Accordingly, changes in the crystal field and sites symmetries yield tunable visible emissions.
